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We present a simple model where a scalar field is responsible for cosmic inflation and generates 
the seed for structure formation, while its thermal relic abundance explains dark matter in the 
universe. The inflaton self-coupling also explains the observed neutrino masses. All the virtues can 
be attained in a minimal extension of the Standard Model gauge group around the TeV scale. We 
can also unveil these properties in the forthcoming ground based experiments. 
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O ' I- INTRODUCTION 

The origins of inflation [l[ and dark matter Q are two important problems in cosmology whose explanation requires 
physics beyond the electroweak standard model (SM). The two issues can be bound to the origin of neutrino masses 
within a minimal extension of the SM that explains all of them in a single set up 0. In this model inflation occurs 
along a flat direction consisting of the supersymmetric partners of the right-handed (RH) neutrinos and left-handed 
(LH) leptons, and the Higgs field (for reviews on flat direction inflation, see [![). The observed anisotropy in the 
cosmic microwave background is related to the tiny neutrino masses. Part of the inflaton, the RH sneutrino, is stable 
Oh' and its thermal relic density accounts for the missing matter in the universe. 

II. THE MODEL 

We consider the minimal supersymmetric standard model (MSSM) [j| with three RH neutrino multiplets. The 
^ • relevant part of the superpotential is 

r- : 

00 . W= W U SSM + hNH u L. (1) 

00 ■ 

Here N, L and H„ are superfields containing the RH neutrinos, the LH leptons and the Higgs which gives mass to the 
y—( • up-type quarks, respectively. For conciseness we have omitted the generation indices, and we work in a basis where 
f^*) neutrino Yukawa couplings h (and hence neutrino masses) are diagonalized. 

< 3\ . We note that the RH (s)neutrinos are singlets under the SM gauge group. However in many extensions of the SM 
they can transform non-trivially under the action of a larger gauge group. We consider a minimal extension of the 
J> ! SM gauge group which includes a £7(1): SU(3) C x SU(2)l x U(1)y x U(1)b-l, where B and L denote the baryon 
k>( ' anc ^ l c Pt° n numbers respectively. This is the simplest extension of the SM symmetry which is also well motivated: 
anomaly cancelation requires that three RH neutrinos exist, so that they pair with LH neutrinos to form massive 
neutrinos. 

In this model we have an extra Z boson (Z') and one extra gaugino (Z'). The U(1)b-l gets broken around TeV by 
new Higgs fields with B — L = ±1. This also prohibits a Majorana mass for the RH neutrinos at the renormalizable 
level (note that NN has B — L = 2). The Majorana mass can be induced by a non-renormalizable operator, but it 
will be very small. The neutrinos will then be of Dirac nature and the value of h needs to be small, i.e. h ~ 10~ 12 , in 
order to explain the light neutrino mass, ~ 0(0.1 eV) corresponding to the atmospheric neutrino oscillations detected 
by Super-Kamiokande experiment 



III. INFLATION 



The NH„L monomial represents a £>-flat direction [7( under the U(1)b-l, a s well as the SM gauge group. The 
scalar field corresponding to the flat direction is denoted by 

N + H u + L 

0= V3 ' (2) 
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FIG. 1: The inflaton mass is plotted as a function of the neutrino mass m v . 



where N, L, H u are the scalar components of corresponding superfields. The potential along the flat direction, after 
minimization along the angular direction, is found to be 0], 

nw) = ^w a +^i 4 -^i s . (3) 

where and A are the soft mass and the A-term respectively. We note that to^ is given in terms of N, H Ul L 
masses: 



2 m \ + m 2 Hu + mf 
mi = -. 



(4) 



If A — Am,/), there exists a saddle point for which V'(4>o) = V"(<po) = 0. The saddle point and the potential are 
given by: 

/zm<t> „ ,^19 /0.05 cV\ , , 

0o = VS-r = 6 x 10 12 m ( , (5) 



h V m 

Here m„ denotes the neutrino mass that is given by m v = h(H u ), with (H u ) ~ 174 GeV. For neutrino masses 
with a hierarchical pattern, the largest neutrino mass is to„ ~ 0.05 eV in order to explain the atmospheric neutrino 
oscillations [f|. 

The slow roll inflation takes place within an interval A(f> ~ ^p/A/p in the vicinity of <po, and is governed by the third 
derivative of the potential, V"'(<fro) = (2/y/3)hm^, d, 1 - A sufficient number of e-foldings Af e ~ 10 3 is generated 
during the slow roll regime Q. The amplitude of density perturbations follows Q. 

where -f/mf denotes the Hubble rate during inflation which is given by H? n{ = 8V(0o)/3Mp. Here m denotes the 
loop-corrected value of the inflaton mass at the scale 4>o in Eqs. (|5|6|7j) . In Figure 1, we show the neutrino mass as a 
function of the inflaton mass. We use 5h = 1-91 x 10 -5 to draw the plot. We see that the neutrino mass in the range 
to 0.30 eV corresponds to the inflaton mass of to 30 GeV. 

Moreover, a scalar spectral index within the 2a range allowed by 5-year WMAP data 0.934 < n s < 0.988 [HI can 
be obtained if <f>o becomes a point of inflection, i.e. V'(4>o) ^ 0, V"(4>q) = [T3, EH- This happens for a slight 
departure from a saddle point (\A 2 — 16r7i 2 i | 1 / 2 /4m0^ < 10~ 8 10]. Note that its reflection on the amplitude of the 
density perturbations is negligible. 



Initial condition for inflation can be naturally set within prior phase(s) of false vacuum inflation either by the help of quantum fluctua- 
tions , or as a result of attractor behavior of the potential at 0o u3l • Many models of high energy physics possess metastable vacua, 
and hence can lead to false vacuum ination at some stage during the evolution of the early universe. 
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FIG. 2: vs m^. The lines are for neutrino masses 0.3 eV. The gluino masses for the three lines are 730, 1200 and 1640 
GeV (bottom- up). For smaller neutrino masses, the lines are slightly shifted downwards. 



IV. DARK MATTER 



The inflaton has gauge couplings to the electroweak and C/(1)b-l gauge/gaugino fields. It therefore induces a 
VEV-dependent mass ~ g(<f>) for these fields (g denotes a typical gauge coupling). After the end of inflation, 
starts oscillating around the global minimum at the origin with a frequency ~ 10 3 iJi n f. When the inflaton 
passes through the minimum, ((f>) = 0, the induced mass undergoes non-adiabatic time variation. This results in 
non-perturbative particle production [lM . As the inflaton VEV is rolling back to its maximum value </>o , the mass 
of the gauge/gaugino quanta increases again. Because of their large couplings they quickly decay to the fields which 
are not coupled to the inflaton, hence massless, notably the down-type (s)quarks. This is a very efficient process as a 
result of which relativistic particles are created within few Hubble times after the end of inflation (for more details, 
see [13]). A thermal bath of MSSM particles is eventually formed with a temperature Tr ~ 10 6 GeV. 

Since the RH sneutrino A is a singlet under the SM gauge group, its mass receives the smallest contribution from 
quantum corrections due to gauge interactions. It can therefore be set to be the lightest supersymmetric particle 
(LSP), hence the dark matter candidate. Note that part of the inflaton, i.e. its N component see Eq. ([2]), has never 
decayed; only the coherence in the original condensate that drives inflation is lost. Its relic abundance will be then 
set by thermal freeze-out. 

The mass of dark matter (i.e. RH sneutrino) is correlated with the inflaton mass, see Eq. Q. However, the former 
is calculated at the weak scale, while the latter is at the scale 4>q, see Eq. ([5]). The two quantities are related to each 
other by renormalization group equations (RGEs). In order to calculate the masses in the model, we use SUGRA 
boundary conditions (for details, see [H) 2 . Even though the inflaton mass is small at the scale (f>o, obtained by solving 
Eq. (O, the RGE effects increase the RH sneutrino and slepton masses at the weak scale. In Figure 2 we plot the 
RH sneutrino and stop masses at the weak scale for different values of gluino masses. The gluino masses for the three 
lines (solid and dashed) are 730 GeV, 1.20 TeV and 1.64 TeV (bottom-up). The lines are drawn for 0.30 eV neutrino 
mass (but do not shift much for a neutrino mass of 0.05 eV). The masses of sparticles (e.g., the lighter stop) can be 
within the reach of initial phase of the LHC. 

The primary diagrams responsible to provide the right amount of relic density are mediated by Z' in the t-channcl. 
In Figure 3, we show the relic density values for smaller masses of sneutrino where the lighter stop mass is <J 1 TeV 
(hence easily accessible at the LHC). We have varied new gaugino and Higgsino masses and the ratio of the vacuum 
expectation values (VEVs) of new Higgs fields to generate Fig. 3. We find that the WMAP allowed values of the relic 
density are satisfied for many points. 

Since the RH sneutrino interacts with quarks via the Z' boson, it is possible to see it via the direct detection 
experiments. The detection cross sections are not small as the interaction diagram involves Z' in the t-channel. 
The typical cross section is about 2xl0 -8 pb for a Z' mass around 2 TeV. It is therefore possible to probe this 
model in the upcoming dark matter detection experiments [l8| . The signal for this new scenario at the LHC will 
contain standard jets plus missing energy and jets plus leptons plus missing energy. The jets and the leptons will be 
produced from the cascade decays of squarks and gluinos into the final state containing the sneutrino. In general, 
the models with RH sneutrino dark matter will have similar signal as the models with neutralino dark matter. The 
major difference, however, lies in the fact that the lightest dark matter particle has different spin, i.e., that sneutrino 



2 A similar analysis in the context of MSSM inflaiton has been done for neutralino dark matter [17| . 
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FIG. 3: 



vs rripj. The solid lines from left to right are for Qh 2 = 0.094 and 0.129 respectively. 



has spin compared to the lightest neutralino whose spin is 1/2. 
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